In this research, the mechanical and thermal properties of nanocomposites containing alumina nanoparticles in the highdensity polyethylene/recycled polyethylene terephthalate/maleic anhydride polyethylene (HDPE/rPET/MAPE) matrix were investigated. For this purpose, tensile, flexural, impact energy, and differential scanning calorimetry (DSC) test were done. Here, 0, 1, 3, and 5 wt% alumina nanoparticles were added to the HDPE/rPET/MAPE using a co-rotating screw extruder. Morphological studies using scanning electron microscopy revealed that alumina nanoparticles within HDPE/rPET/MAPE matrix were well dispersed in low content of nanoparticles (up to 3 wt%). The results of mechanical tests showed that the presence of alumina nanoparticles improved tensile strength, elastic modulus, flexural strength, and impact energy. The maximum improvement was observed for the sample containing 3 wt% of alumina. DSC test revealed alumina nanoparticles in the content of 3 wt% increased the crystallinity degree of HDPE in the blend of HDPE/rPET/MAPE and caused to approach the melting points of HDPE and rPET.
Introduction
Polyethylene terephthalate (PET) is one of the most important types of thermoplastic polymers which is used in the packing and textile industries extensively [1] . Among the most important applications of PET is the production of drink bottle especially water and beverage bottles [2] . Yearly, a lot of bottles are released in the environment, and due to high decomposition time of PET, the accumulation of bottles causes environmental pollution [3] . Therefore, recycling the PET is necessary. Two major techniques of recycling the PET include mechanical and chemical recycling [4, 5] . Chemical recycling is costly, and therefore, physical recycling is used in recycling the PET extensively. In mechanical recycling, the bottles are melted by the extruder after washing and milling, and the granules of recycled PET (rPET) are prepared. The main disadvantage of physical recycling is that the prepared rPET is very brittle. To overcome this disadvantage, rPET is mixed with other polymers such as polyolefins (polyethylene and polypropylene) [6, 7] , EPDM [8] , and SMRL [9] . Incompatibility between the rPET and polyolefin leads to gross phase separation and poor mechanical properties of the blend [10] . For this reason, compatibilizers such as maleic anhydride polyethylene (MAPE) and maleic anhydride polypropylene (MAPP) are used to improve the compatibility between rPET and polyolefin [11, 12] .
Some of the mechanical properties such as tensile strength and elastic modulus and thermal properties of rPET are reduced after physical recycling. Therefore, adding nanoparticles into the blend of rPET and polyolefin can improve the declined properties. Bizarria et al. [13] added montmorillonite (MMT) into rPET and observed that tensile strength and modulus were improved. Meri et al. [14] increased tensile strength and elastic modulus of rPET and reduced the creep by introducing the MMT into rPET. Rosnan et al. [15] reported that introducing MMT into the blend of rPET/HDPE improves the tensile strength, strain at break, and thermal stability. Yesil [16] found that carbon nanotube (CNT) improves dispersion of ethylene-ethyl acrylate-maleic anhydride (E-EA-MAH) in the blend of rPET/poly(ethylene naphthalate), and improves tensile strength, elastic modulus, and electrical properties. Chen et al. [17] reported that MMT increases the stiffness of recycled HDPE/PET nanocomposites.
Alumina nanoparticles as an effective filler in the polymer matrix can improve the mechanical and thermal properties of polymer matrixes. Bhimaraj et al. [18] reduced wear rate and friction coefficient of PET by adding alumina nanoparticles. Sezavar et al. [19] improved tensile properties and changed fracture mechanism of poly(methyl methacrylate) (PMMA) by introducing nano-sized alumina. Mallakpour et al. [20] increased the thermal stability temperature of poly(vinyl pyrrolidone) by adding modified alumina nanoparticles. Modification leads to good dispersion of nanoparticles into the matrix.
In the present study, HDPE/rPET/MAPE/alumina nanocomposites were prepared by melt mixing in a co-rotating screw extruder. Different weight percentages of nanoparticles (0, 1, 3, and 5) were added into HDPE/rPET/MAPE matrix. Then, the effect of these nanoparticles on thermal properties and mechanical properties, including the tensile strength, elastic modulus, flexural strength, and impact energy, was investigated.
Experimental

Materials
A commercial grade of HDPE (HD-52518) with a density of 0.952 g/cm 3 and MFR of 18 g/10 min (180 °C, 2.16 kg) was prepared from Jam Petrochemical Company (Iran). Maleic Anhydride Polyethylene (MAPE) grade of 1040 was purchased from the Karangin Company, Iran. Because of the high melting temperature of rPET (252 °C), Irganox 1010 thermal stabilizer (BASF Chemical Company, Germany) in the content of 0.06 wt% was used to prevent thermal degradation of HDPE. rPET was prepared from the waste bottles collected from Isfahan wastes. Alumina nanoparticles (alpha type) with an average diameter of 80 nm and 99% purity manufactured by US-NANO company (USA) were prepared. Transmission electron microscope (TEM) image of alumina nanoparticles is shown in Fig. 1 .
Tests
To evaluate the effect of alumina nanoparticles on mechanical properties of HDPE/rPET, the tensile, flexural, and impact energy tests were done. The tensile and flexural tests were performed on HOUNSFIELD-H25KS machine with the speed of 3 mm/min in room temperature according to ASTM D638 and ASTM D790, respectively. Charpy impact test was done on notched specimen based on ASTM D6110 A. To perform thermal analysis and to observe the morphology of specimens, differential scanning calorimetry (DSC) model of LAB-SYS1600 and scanning electron microscopy (SEM) model of VEGA\\LMU were used, respectively.
Sample preparation
At first, waste rPET bottles were ground off, separated, and washed. Before compounding, HDPE, rPET, and MAPE were dried at 80 °C for 24 h. Compounding of HDP/rPET/MAPE/ alumina nanocomposites with various contents (Table 1) was performed in a co-rotating screw extruder ZSK 25 with screw diameter and L/D of 25 mm and 40, respectively, within 245-265 °C temperature range. To prepare the test samples, the prepared granules were injected by the injection-molding machine at the temperature of 260 °C, and the speed of 54 rpm.
Results and discussion
Morphology
To determine how the alumina nanoparticles are dispersed in the polymer matrix, scanning electron microscopy (SEM) images from the fracture surface of the test specimens were taken. In general, most studies on the structure and distribution of nanoparticles in polymer matrices show that nanoparticles with generally low percentages usually show good dispersion. However, the presence of high weight percentages of nanoparticles in polymer matrices increases the chances of agglomerates. The SEM images taken from the fracture surface of the sample containing 1 and 5 wt% of alumina nanoparticles are shown in Figs. 2 and 3 , respectively. As shown in Fig. 2 , a sample containing 1 wt% of alumina nanoparticles shows a good dispersion. In Fig. 2 , the arrows represent nanoparticles. While in the sample contains 5 wt% of alumina nanoparticles (Fig. 3) , the nanoparticles are stacked together and agglomerated. These agglomerates lead to poor mechanical properties. Agglomerate parts have been shown by arrows in Fig. 3 .
Mechanical properties
Tensile test
Stress-strain curves of HDPE/rPET/MAPE reinforced with various content of alumina nanoparticles (1, 3, and 5 wt%) are shown in Fig. 4 . Table 2 shows the results of tensile tests. According to presented results in Table 2 , tensile strength increased by introducing the alumina nanoparticles. The tensile strength increased significantly from 22.6 MPa for the base sample (S0) up to 33.5 MPa for the sample with 3 wt% of nano-alumina (S3). This increase shows that alumina nanoparticles are effective filler in the reinforcement of HDPE/rPET/MAPE matrix. Some researchers reported that the tensile strength of the samples in the presence of nanoparticles cannot be more than neat polymer, because the nanoparticles cannot support any fraction of the external load [21] . The increase of tensile strength in this study shows that nanoparticles have formed a good interface with the polymer matrix, so that nanoparticles have been able to support the fraction of external load. This can be due to the use of MAPE compatibilizer. Due to the presence of a polar head and a non-polar head, MAPE compatibilizer has been able to create an interface or bond between the matrix and the nanoparticles. Zhao et al. [22] reported that alumina nanoparticles increase mechanical properties of polymer/ alumina nanocomposite by activating the toughening mechanisms including crack deflection, debonding, and plastic deformation of the debonded matrix.
The elastic modulus of HDPE/rPET/alumina nanocomposites is shown in Table 2 . As can be seen, adding alumina nanoparticles into the polymer matrix increases the tensile modulus and then decreases. The reason for this increase can be the good dispersion of nanoparticles with 1 and 3 wt%, followed by a good adhesion between the nanoparticles and the polymer matrix (due to the use of MAP), while the addition of more than 3 wt% of alumina nanoparticles to 5 wt% leads to a reduction in tensile modulus due to the agglomeration of nanoparticles. The excess content of nanoparticles in some samples acts as a defect and ultimately reduces the elastic modulus of the compounds. This result is consistent with the findings of Altan et al. [23] that have reported an increase in the elastic modulus in the case of the addition of titanium oxide nanoparticles into the polypropylene polymer matrix. Figure 5 shows the impact strength of HDPE/rPET versus different amounts of nanoparticles. As can be seen, by adding alumina nanoparticles into the polymer matrix, the significant changes in impact strength are obtained, such that the strength of the impact increases first and then decreases. The impact energy of 3.57 kJ/m 2 for the base sample (S0) increased up to 6.9 kJ/m 2 for the sample of S3 and then decreased to 4.52 kJ/m 2 for the sample of S5. The increase of impact strength is due to good dispersion of nanoparticles in the sample containing 3 wt% of alumina nanoparticles in the polymer matrix. It seems that the nanoparticles in polymer matrix act as a cavitation agent. Since the production of the cavity is associated with energy consumption, the impact energy of the samples rises. Of course, this mechanism is highly dependent on the geometry of particles and has been reported by researchers for spherical particles such as calcium carbonate [24, 25] . On the other hand, an increase in the content of nanoparticles up to 5 wt% has reduced the impact strength due to the agglomeration of nanoparticles. The impact strength of the sample in the presence of 5 wt% of nanoparticles, however, is still greater than the base sample (S0). Figure 6 shows the flexural strength of HDPE/rPET with different amounts of alumina nanoparticles. As can be seen, the flexural strength of the samples is generally increased by adding alumina nanoparticles to the polymer matrix.
Impact energy test
Flexural test
The maximum flexural strength (44.86 MPa) is observed for the sample containing 3 wt% of alumina nanoparticles. By adding the nanoparticles up to 5 wt%, the flexural strength reduces. This can be due to the agglomeration of nanoparticles in the high concentration of nanoparticles.
Thermal properties
To investigate the thermal behavior of rPET, HDPE, base sample (S0), and the sample containing 3 wt% of alumina nanoparticles (S3), DSC test was used done. Figure 7 shows the DSC endothermic curve for HDPE, rPET, rPET/ HDPE/MAPE, and RPET/HDPE/MAPE/3 wt% of alumina nanoparticles. The results of the DSC test are summarized in Table 3 . As shown in Fig. 7 , the rPET exhibits an endothermic peak at a temperature of 252.62 °C, which indicates its melting temperature. In HDPE, the peak of melting has appeared at 127 °C. In the blend samples, two endothermic peaks are seen in both samples of S0 and S3. This indicates that rPET and HDPE are not compatible with each other. Therefore, two separate melting temperatures can be seen. The existence of two distinct peaks expresses two completely different crystallization structures, resulting in different melting points (T m1 and T m2 ) for these specimens. However, with more precision in Fig. 7 and the results presented in Table 3 , it can be seen that by blending the rPET and HDPE, the melting temperature of the HDPE phase is shifted to higher value a little. This is due to the MAPE compatibilizer. It can be seen from this table that by introducing the MAPE to the HDPE/rPET blend, the melting temperature of HDPE is shifted from 127 °C to 127.8 °C. The difference in melting temperature between rPET and HDPE was 125.62 °C, so using MAPE compatibilizer, the difference has reached 124.3 °C.
By adding 3 wt% of alumina nanoparticles to the base sample, it is observed that the melting temperature of HDPE shifted from 127 to 128.7 °C and the melting point of rPET from 252.62 to 249.7 °C. As shown in Table 3 , the difference in melting temperatures of rPET and HDPE in the rPET/HDPE/MAPE blend was 124.3 °C; however, by adding the nanoparticles to the blend, the difference in temperature reached to 120 °C, which shows improvement in compatibility of rPET and HDPE. To determine the crystallization degree, the following equation was used:
where ΔH m (J/g) is the sample enthalpy, ΔH m 0 (J/g) is the enthalpy of 100% crystalline sample, and w is the weight percentage of filler or polymer in the blend.
Based on the data in Table 3 , the crystallization degree of HDPE in nanocomposite containing 3 wt% of alumina nanoparticles was 33.1%, which showed an improvement of 19.6% compared to the crystallization degree of HDPE in HDPE/rPET/MAPE (27.67%). This reflects the improvement of nucleation in the blend by adding the alumina nanoparticles, which has increased the crystallization degree of HDPE and has brought two melting temperature peaks to close together. By calculating the crystallization degree of rPET in the presence of alumina nanoparticles,
it can be seen that the crystallization degree of rPET increased slightly (about 0.2%).
Conclusion
In this study, the effect of alumina nanoparticles on the mechanical (tensile, flexural, and impact energy) and thermal properties of HDPE/rPET/MAPE blend was investigated. The results showed:
1. The addition of alumina nanoparticles up to 3 wt% into HDPE/rPET/MAPE matrix results in an increase of 48, 12.5 and 7% in the tensile strength, flexural strength, and elastic modulus, respectively. 2. The presence of nanoparticles up to 3 wt% significantly increases the impact strength of HDPE/rPET/MAPE (about 95%). 3. The results of the thermal test of DSC indicated that by adding the alumina nanoparticles, melting point temperature of HDPE and rPET is close together, and the crystallization degree of HDPE increases.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. 
